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Dielectric propertiesAbstract The optical and electrical properties of the molecules pyrimethamine and sulfadoxine in
gas phase and in different mediums (water and ethanol) were calculated using density-functional
theory at the B3LYP level and the Restricted Hartree–Fock (RHF) level by employing
6-311++G** basis set. The dipole moment, polarization density, the electric susceptibility, the
refractive index, the dielectric constant and the magnitude of the displacement vector of these
molecules have been calculated. Small values of polarization density, dielectric constant, magnitude
of the displacement vector, high values of electric susceptibility, refractive index and small
HOMO–LUMO energy gaps of these molecules show that, these molecules have very good opto
electronic applications.
ª 2015 TheAuthors. Production and hosting by Elsevier B.V. on behalf ofKing SaudUniversity. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Over the last twenty years, p-conjugated oligomers and poly-
mers have received increasing interest, owing to their versatile
functions that are requested for their breakthrough in many
interdisciplinary ﬁelds like bio-imaging or plastic electronics.
Much research has lately been directed toward theunderstanding of the microscopic origin of the non linearity
(or linearity) of opto electric molecular properties (Kurt
et al., 1994).
A basic goal in this research has been to relate the appear-
ance of strong non linearity (or linearity) to opto electronic
and geometric structures, with the ultimate goal to design con-
ducting devices through the use of molecular modeling and
computations. Semi empirical as well as ab initio calculations
of non linear (or linear) electric properties have mostly focused
on hyperpolarizability from which we can determine directly
the opto electric properties of organic and polymeric materials
that are regarded as holding potential for developments of
charge storage, analytical sensors, electroluminescent devices,
optical data processing and integrated optics (Garay, 2000).
For example, nowadays, it is clear that sensor sensitivities
and speciﬁcity can be increased by using redox polymers
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tive strength of nonlinear optical (NLO) effects are typically 50
or 100 times greater in organic molecular systems than in inor-
ganic dielectric insulators and semiconductors (Nalwa and
Miyata, 1997). Several methodologies including semi empiri-
cal, ab initio, and density functional theory (DFT) have been
employed for the calculation of NLO properties of the organic
molecules in recent years (Sagdinca and Esmeb, 2010).
The molecular systems that have been accessed by quantum
methods fall largely into three categories: small systems, such
as neon isoelectronic hydrides, for which extensive computa-
tional tests on electron correlation, basis sets, role of frequency
dependence, and vibrational dependence have been accom-
plished (Sekino and Bartlett, 1993). Oligomer sequences, in
particular polyenes and polynes (Michael et al., 1993) in which
the length dependence and convergence to the polymer value
of the hyperpolarizability is of interest; and special donor–
acceptor compounds, in particular disubstituted benzenes
(Agren et al., 1993) in which the charge transfer character of
the HOMO–LUMO excitations implies large polarizabilities
and hyperpolarizabilities. An electronic system with a larger
HOMO–LUMO gap should be less reactive than one having
a smaller gap (Cig˘dem et al., 2010).
Most calculations to date have been carried out at zero fre-
quency with single conﬁguration wave functions. Recently,
calculations have appeared, that address both the frequency
dispersion and the role of electron correlation (Sim et al.,
1993).
The electronic (hyper) polarizabilities are commonly pre-
dicted by means of ab initio and/or density functional theory
(DFT) computations (Andrea, 2013a,b). However, as well-
known in literature, for an accurate determination of the elec-
tronic (hyper) polarizabilities, the choice of the functional is
critical, especially in the choice of p-conjugate compounds
(Champagne et al., 1998). In fact, the conventional DFT meth-
ods tend to systematically overestimate the electronic (hyper)
polarizabilities obtained by high level correlated ab initio levels
(Andrea, 2013a,b). On the other hand, the long range cor-
rected DFT methods incorporating nonlocal effects (Sekino
et al., 2007) describe adequately the diffuse regions of the
charge distributions, giving much more satisfactory perfor-
mances for the prediction of the response electric properties.
Since the great bulk of measurements are conducted for sol-
vated or solid species and since evidence has been given of
strong induction of the hyperpolarizability by the medium,
the current theoretical incitement is intended to investigate
such effects. Mostly, solvent effects have been modeled by
so-called local ﬁeld factors, and such factors have also been
used in deriving various quantities, such as hyperpolarizability,
from experimental measurements in solutions. Local ﬁeldTable 1 Some molecular properties of the molecule pyrimethamine
solvated phase by employing 6-311++G** basis set: l is a dipole mo
molecular hyperpolarizability (Ejuh and Ndjaka, 2013; Ejuh et al., 2
RHF
Properties of the molecule Gas Water
l (Debye) 1.1780 1.1780
Æaæ (u.a) 184.546 184.546
bmol (u.a) 173.322 173.319factors relate the total hyperpolarizability (ﬁrst, second, or
higher order) with corresponding macroscopic susceptibilities
simulating the change of the effective ﬁeld experienced by a
molecule when immersed in a liquid (Kurt et al., 1994).
Hyperpolarizability of solvated molecules has been estimated
by scaling the gas phase value by the local ﬁeld factors.
Some investigations, see, e.g., Ref. (Stahelin et al., 1992) have
unraveled the rather severe limitations of this procedure and
called for more realistic models to model the effect of a sur-
rounding medium. The polarizability of an atom or molecule
describes the response of the electron cloud to an external ﬁeld
(Junmei et al., 2007). The atomic or molecular energy shift DW
due to an external electric ﬁeld E is proportional to E2 for
external ﬁelds which are weak compared to the internal electric
ﬁelds between the nucleus and electron cloud (William, 2012;
Bonin and Kadar, 1994).
The electric dipole polarizability a is the constant of pro-
portionality deﬁned by DW= aE2/2. The induced electric
dipole moment is aE. Hyperpolarizabilities, coefﬁcients of
higher powers of E, are less often required (Bonin and
Kadar, 1994). Technically, the polarizability is a tensor quan-
tity but for spherically symmetric charge distributions, it is
reduced to a scalar number (Bonin and Kadar, 1994). In many
cases, an average polarizability is usually adequate in calcula-
tions. Frequency-dependent or dynamic polarizabilities are
needed for electric ﬁelds which vary in time, except for fre-
quencies which are much lower than electron orbital frequen-
cies (Bonin and Kresin, 1997). Polarizability of atoms and
molecules in excited states is found to be larger than that at
ground states and may be positive or negative. Molecular
polarizabilities are very slightly temperature dependent since
the size of the molecule depends on its vibrational state
(Gould and Miller, 2005).
In the present work we have used the Gaussian 03W suit to
calculate the hyperpolarizability, dipole moment, polarization
density, electric susceptibility, index of refraction, dielectric
constant and the magnitude of the displacement vector of
the molecules pyrimethamine and sulfadoxine in gas and sol-
vent medium (water and ethanol). This work is a continuation
of an ongoing research that we began since in 2009.2. Methodology
The opto electric properties of the molecules pyrimethamine
and sulfadoxine both in gas phase and in different solvent
mediums were fully optimized by using Windows version of
Gaussian 03 (Frisch et al., 2004) suit of quantum chemical pro-
gram. The calculations were performed using ab initio quan-
tum mechanical calculations at the Restricted Hartree–Fockobtained at RHF and B3LYP methods both in gas phase and in
ment, Æaæ is the average of the polarizability, and bmol is the ﬁrst
011).
B3LYP
Ethanol Gas Water Ethanol
1.1780 1.3425 1.1680 1.3399
184.546 216.366 216.119 216.382
173.319 370.854 1024.519 362.050
Table 2 Opto electric properties of pyrimethamine molecule obtained at RHF and B3LYP methods both in gas phase and in solvated
phase by employing 6-311++G** basis set where P is the polarization density, E is the average electric ﬁeld, v is electric susceptibility g
is the index of refraction, e is the dielectric constant of the molecule, and D the magnitude of the displacement vector.
RHF B3LYP
Properties of the molecule Gas Water Ethanol Gas Water Ethanol
E.108 (V m1) 0.0129098 0.0129099 0.0129099 0.0147127 3.370514 3.866568
P.102 3.3993714 3.3993714 3.3993714 3.8740714 3.370512 3.866565
v.103 2.9752932 2.9752932 2.9752932 2.9752944 1.789701 2.975293
e.108 2.6340194 2.6340194 2.6340194 2.6340203 1.5847703 2.6340195
g 54.555414 54.555414 54.555414 54.555422 42.316675 54.555414
D.102 3.4005137 3.4005137 3.4005137 3.8753734 3.3723973 3.8678679
Table 3 Some molecular properties of the molecule Sulfadoxine obtained at RHF and B3LYP methods both in gas phase and in
solvated phase by employing 6-311++G** basis set: l is a dipole moment, Æaæ is the average of the polarizability, bmol is the ﬁrst
molecular hyperpolarizability of the molecule (Ejuh and Ndjaka, 2013; Ejuh et al., 2011).
Properties of the molecule RHF B3LYP
Gas Water Ethanol Gas Water Ethanol
l (Debye) 4.5681 4.5681 4.5681 4.1149 3.9138 3.9138
Æaæ (u.a) 205.391 205.391 205.391 214.461 207.142 207.142
bmol (u.a) 2386.567 2386.567 2386.567 3183.648 1226.994 1226.994
Table 4 Opto electric properties of sulfadoxine obtained at RHF and B3LYP methods both in gas phase and in solvated phase by
employing 6-311++G** basis set where P is the polarization density, E is the average electric ﬁeld, v is electric susceptibility g is the
index of refraction, e is the dielectric constant of the molecule, and D the magnitude of the displacement vector.
Properties of the molecule RHF B3LYP
Gas Water Ethanol Gas Water Ethanol
E.108 (V m1) 0.0500628 0.0500628 0.0500628 0.04509616 0.0428922 0.0428922
P.102 9.3455056 9.3455056 9.3455056 8.4259245 8.0141397 8.0141397
v.103 2.1093255 2.1093255 2.1093255 2.111226 2.111226 2.111226
e.108 1.867638 1.867638 1.867638 1.86932 1.869319 1.869319
g 45.938279 45.938279 45.938279 45.9589599 45.958958 45.958958
D.102 9.3499355 9.3499355 9.3499355 8.4299153 8.0179355 8.0179355
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valence 6-311++G** basis set. The calculations were further
carried out using density functional theory which is a cost
effective method for inclusion of electron correlations with
the three-parameter density functional generally known as
Becke3LYP (B3LYP), which includes Becke’s gradient
exchange corrections (Becke, 1988) the Lee, Yang and Parr
correlation functional (Lee et al., 1988) and the Vosko, Wilk
and Nusair correlation functional (Vosko et al., 1980) with a
6-311++G** basis set.
Since the gas phase results are inadequate for describing
the behavior of these molecules in solutions, therefore the
effect of solvating the molecules in bulk water and ethanol
was investigated. For this purpose, the simplest Onsager
reaction ﬁeld model of the self-consistent reaction ﬁeld
(SCRF) theory (Miertus et al., 1981) was used with the 6-
311++G** basis set.In other to have the calculated properties of the above
molecules, we convert a.u to SI unit using conversion
factors: 1 a.u of a= 1.648778 · 1041 C2 m2 J2; 1a.u of b=
3.206361 · 1053 C3 m3 J2 (Andrea, 2013a,b) and 1debye =
627.51 Kcal mol1 (Frisch et al., 2004).3. Results and discussion
3.1. Opto electric properties of pyrimethamine
Some molecular properties of the molecule pyrimethamine
obtained at RHF and B3LYP methods both in gas phase and
in solvated phase by employing 6-311++G** basis set are
shown in Table 1. From Table 1, one can observe that the cal-
culated value of the dipole moment, the average polarizability
and the ﬁrst molecular hyperpolarizability at RHF/6-
352 S. Nouemo et al.311++G** level are constant in gas, water and ethanol, the
corresponding values obtained at the DFT/B3LYP//6-
311++G** level change when we move from RHF/6-
311++G** to DFT/B3LYP//6-311++G** level and as we
move from gas to water, from gas to ethanol and from water
to ethanol. In fact, the dipole moment (l) (Debye) value
decreases by 0.1745 (0.13%) and 0.0026 (0.19%) respec-
tively when we move from gas to water and from gas to ethanol
where it increases by 0.1719 (+14.71%) when we move from
water to ethanol; the Æaæ (a.u) value decreases by 0.2475
(0.14%); and the bmol (u.a) remains constant at the RHF/6-
311++G** and changes as we move from RHF/6-
311++G** to DFT/B3LYP//6-311++G** level. At the
DFT/B3LYP//6-311++G** level of theory, its value changes
as we move from gas to water, from gas to ethanol and from
water to ethanol. In fact, its value increases by 653.665
(63.80%) when we move from gas to water and decreases by
8.804 (2.37%) when we move from gas to ethanol and
662.469 (64.66%) when we move from water to ethanol.
The change in l, Æaæ and bmol values for the molecule pyrimetha-
mine as we move from RHF/6-311++G** level to DFT/
B3LYP//6-311++G** level is due to the effect of electron
correlation. Theoretical determination of hyperpolarizability
of a molecule is quite useful both in understanding the relation-
ship between the molecular structure and non-linear optical
properties (Hamit et al., 2009). Molecules with large
hyperpolarizability value have the potential to produce second
order optical effects much larger than those obtainable with
inorganic materials and hyperpolarizability is a measure of
the nonlinear optical activity of a molecule (Hamit, 2013;
Ejuh and Ndjaka, 2013).
Table 2 shows the opto electric properties of the molecule
pyrimethamine obtained both at RHF and B3LYP level of
theory gas phase and in solvated phase by employing
6-311++G** basis set. P is the polarization density, E is the
average electric ﬁeld, v is electric susceptibility, g is the index
of refraction, e is the dielectric constant of the molecule and
D the magnitude of the displacement vector. These results
show that the value of each property obtained at the RHFGas    Water  
HOMO
LUMO
Figure 3.1 RHF/6-311++G** HOMO and LUlevel of calculations does not depend on the medium. At the
B3LYP level of theory, the value of the average electric ﬁeld
and the polarization density change considerably when we
move from gas to water, from gas to ethanol and from water
to ethanol; these values also change when we move from
RHF/6-311++G** level to B3LYP/6-311++G** level. The
value of the electric susceptibility, the refractive index, the
dielectric constant and the magnitude of the displacement vec-
tor remain practically constant when we move from gas to
ethanol, but change drastically when we move from gas to
water or from water to ethanol. These values also change when
we move from RHF/6-311++G** to B3LYP/6-311++G**
level. The high value of the refractive index of the molecule
pyrimethamine is due to its high average polarizability.
There are no corresponding experimental data in the existing
literature, neither are there any other ab initio and DFT
calculations on the opto electric properties for the molecule
pyrimethamine.
3.2. Opto electric properties of sulfadoxine
Some molecular properties of the molecule sulfadoxine
obtained at RHF and B3LYP level both in gas phase and in
solvated phase by employing 6-311++G** basis set are shown
in Table 3. From these results, one can observe that the calcu-
lated value of the dipole moment, the average polarization
density and the ﬁrst molecular hyperpolarizability at RHF/6-
311++G** level are constant in gas, water and ethanol but
their corresponding values obtained at the DFT/B3LYP//6-
311++G** level vary slightly as we move from gas to water
but remain constant as we move from water to ethanol. In fact,
the l, Æaæ and bmol values decrease by 0.2011 Debye (4.88%),
7.319 (u.a) (3.41%), and 1956.654 (u.a) respectively as we
move from gas to water or ethanol. The change in l, Æaæ and
bmol for the molecule sulfadoxine as we move from RHF/6-
311++G** level to DFT/B3LYP//6-311++G** level is due
to the effect of electron correlation.
Table 4 shows the opto electric properties of sulfadoxine
molecule obtained at RHF and B3LYP level both in gas phase  Ethanol 
MO molecular orbitals for pyrimethamine.
Gas Water    Ethanol 
HOMO
LUMO
Figure 3.2 B3LYP/6-311++G** HOMO and LUMO molecular orbitals for pyrimethamine.
HOMO
LUMO
 Gas Water    Ethanol 
Figure 3.3 RHF/6-311++G** HOMO and LUMO molecular orbitals for sulfadoxine.
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The results in Table 4 show that the values of the electric sus-
ceptibility, the refractive index, the dielectric constant of the
molecule obtained from RHF and B3LYP calculations do
change as we move from gas phase to solvated phase where
as the polarization density, the average electric ﬁeld, the mag-
nitude of the displacement vector change. The polarization
density, the average electric ﬁeld, the magnitude of the dis-
placement vector change considerably as their values decrease
by 0.412 (4.88%), 0.0022 V/m (4%), and 0.412 (4.88%)
respectively as we move from gas to water or ethanol. These
values remain constant as we move from water to ethanol.
There are no corresponding experimental data in the existing
literature, neither are there any other ab initio and DFT
calculations on the opto electric properties of this molecule.
The high value of the refractive index of the molecule sulfadox-
ine is due to its high average polarizability. Equally, there are
no corresponding experimental data in the existing literature,
neither are there any other ab initio and DFT calculations
on the opto electric properties for the molecule sulfadoxine.3.3. HOMO and LUMO energy gap and diagram
Many organic molecules, containing conjugated pi electrons
are characterized by large values of molecular ﬁrst
hyperpolarizabilities. The interaction of two atomic (or) mole-
cule orbital produces two new orbitals. One of the new orbitals
is higher in energy than the original one (the anti bonding orbi-
tal) and one is lower (the lower orbital). HOMO and LUMO
energy are characterized by their ability to accept electrons
(Vijayakumar et al., 2008). When we are dealing with interact-
ing molecular orbitals, the two that interact are generally the
highest energy occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the compound
(Arulmozhi et al., 2011; Arunagiri et al., 2011, 2013). These
orbitals are a pair of orbitals in the compound, which allows
them to interact more strongly. These orbitals are sometimes
called the frontier orbitals, because they lie at the outermost
boundaries of the electrons of compound (Arunagiri et al.,
2011, 2013). The HOMO–LUMO molecular orbital shown
 Gas Water    Ethanol 
HOMO
LUMO
Figure 3.4 B3LYP/6-311++G** HOMO and LUMO molecular orbitals for sulfadoxine.
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311++G** level. The HOMO–LUMO energy gap value of
the molecule pyrimethamine at the RHF/6-311++G** level
is 0.133 a.u both in gas phase and in solvated phase; and at
the B3LYP/6-311++G** level is -0.133 a.u in gas phase and
0.134 a.u in solvated phase (Figs. 3.1 and 3.2).
For the molecule sulfadoxine, the HOMO–LUMO gap
value at the RHF/6-311++G** level is 0.120 a.u both in
gas phase and in solvated phase; and at the B3LYP/6-
311++G** level is 0.110 a.u in gas phase and 0.120 a.u
in solvated phase (Figs. 3.3 and 3.4).4. Conclusion
From the results obtained, we observed that the solvated
phase does not have any effect on the opto electric properties
of the molecules pyrimethamine and sulfadoxine at RHF/6-
311++G** level of theory. At the B3LYP/6-311++G**
level, in the solvated phase, there is some effect on the
dipole moment, average polarizability, ﬁrst molecular
hyperpolarizability, polarization density, average electric ﬁeld
and on the magnitude of the displacement vector for
sulfadoxine whereas there is no effect on the electric
susceptibility, the dielectric constant and the refractive index
of the molecule sulfadoxine.
The phenyl moiety being an acceptor due to the strong elec-
tron-withdrawing capability of the pyrimidine ring in both
pyrimethamine and sulfadoxine molecules, and the ease with
which structural modiﬁcation can be performed on these
molecules, we can conclude that these molecules have opto
electronics applications.
Due to the small values of the polarization density, the
dielectric constant, magnitude of the displacement vector
and HOMO–LUMO energy gaps of the molecules pyri-
methamine and sulfadoxine; and the high values of the elec-
tric susceptibility and refractive index we can again concludethat these molecules have very good opto electronic
applications.
Due to the fact that there are no corresponding experimen-
tal data in the existing literature, neither are there any other
ab initio and DFT calculations on the opto electric properties
of these molecules, we are optimistic that these results will
serve as a benchmark for other studies.
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